The energetics of ͓Rg¯N 2 O͔ * autoionizing collision complexes ͑where Rg= He or Ne͒ and their dynamical evolution have been studied in a crossed beam apparatus, respectively, by Penning ionization electron spectroscopy ͑PIES͒ and by mass spectrometry ͑MS͒ techniques in the thermal energy range. The PIES spectra, detected by an electron energy analyzer, were recorded for both complexes at four different collision energies. Such spectra allowed the determination of the energy shifts for Penning electron energy distributions, and the branching ratios for the population of different electronic states and for the vibrational population in the molecular nascent ions. For the ͓Ne¯N 2 O͔ * collision complex it was found, by MS, that the autoionization leads to the formation of N 2 O + , NO + , O + , and NeN 2 O + product ions whose total and partial cross sections were measured in the collision energy range between 0.03 and 0.2 eV. The results are analyzed exploiting current models for the Penning ionization process: the observed collision energy dependence in the PIES spectra as well as in the cross sections are correlated with the nature of the N 2 O molecule orbitals involved in the ionization and are discussed in term of the Rg-N 2 O interaction potentials, which are estimated by using a semiempirical method developed in our laboratory.
Franco Vecchiocattivi
The energetics of ͓Rg¯N 2 O͔ * autoionizing collision complexes ͑where Rg= He or Ne͒ and their dynamical evolution have been studied in a crossed beam apparatus, respectively, by Penning ionization electron spectroscopy ͑PIES͒ and by mass spectrometry ͑MS͒ techniques in the thermal energy range. The PIES spectra, detected by an electron energy analyzer, were recorded for both complexes at four different collision energies. Such spectra allowed the determination of the energy shifts for Penning electron energy distributions, and the branching ratios for the population of different electronic states and for the vibrational population in the molecular nascent ions. For the ͓Ne¯N 2 O͔ * collision complex it was found, by MS, that the autoionization leads to the formation of N 2 O + , NO + , O + , and NeN 2 O + product ions whose total and partial cross sections were measured in the collision energy range between 0.03 and 0.2 eV. The results are analyzed exploiting current models for the Penning ionization process: the observed collision energy dependence in the PIES spectra as well as in the cross sections are correlated with the nature of the N 2 O molecule orbitals involved in the ionization and are discussed in term of the Rg-N 2 O interaction potentials, which are estimated by using a semiempirical method developed in our laboratory. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1884604͔
I. INTRODUCTION
The nitrous oxide, N 2 O, is a molecule of particular interest in the chemistry of the atmosphere. First of all, N 2 O is an important atmospheric constituent and is the source of the middle atmosphere nitric oxide through the reaction ͑1a͒ that occurs in competition with the reaction ͑1b͒: 
It is worth noting that NO is the most important catalytic destroyer of stratospheric ozone, except in the case of an atmosphere perturbed by either a natural phenomena, such as volcanic eruption, or by anthropogenic activities where catalytic destruction by chlorine or others species, such as bromine, may assume the same importance.
1 For this reason, it is important to investigate all possible atmospheric sources of nitrous oxide as well as the causes of its destruction. The prevailing opinion is that N 2 O is introduced into the atmosphere by microbiological production in the soil and aqueous environment ͑with some contributions from anthropogenic activities͒ and is destroyed in the stratosphere by photodissociation and oxidation by metastable O͑ 1 D͒ atoms 1 and by photoionization. 2 To make quantitative kinetic investigations on this topic it is necessary to evaluate all the possible competitive reactions that can be ascribed to N 2 O molecules. On that sense, the contribution of collisional autoionization of nitrous oxide induced by metastable rare gas atoms, Rg * should be considered as not negligible. In general, the role of metastable rare gas atoms in the atmospheric reactions is of interest for a number of reasons: ͑i͒ the content of rare gas atoms in the atmosphere is not negligible ͑argon is the third component of the air, after nitrogen and oxygen molecules: 0.934% ± 0.001% by volume compared to 0.033% ± 0.001% by volume of CO 2 molecules͒; ͑ii͒ recent studies have shown that the exosphere is rich in He * ͑2 1 S 0 ͒ metastable atoms; 3 and ͑iii͒ rate constants for ionization processes induced by metastable rare gas atoms ͑also called Penning ionization͒ are generally larger than those of common bimolecular chemical reactions of atmospheric interest. For example, the rate constants for Penning ionization processes are of the same order of magnitude of gas phase bimolecular reactions of O͑ 1 D͒, Cl, or Br, which are known to be relevant in the atmospheric chemistry. 4, 5 Other reactions exhibit rate constants that are at least one order of magnitude smaller. 5 The present paper deals with the collisional autoionization of N 2 O molecules by He * and Ne * metastable atoms, as studied by Penning ionization electron spectroscopy ͑PIES͒ and measurement of ionization cross sections, both as a function of the collision energy. The analysis of the data exploits a semiempirical evaluation of the intermolecular interaction between the two neutral partners and the features of the N 2 O molecular orbitals involved in the electron exchange mechanism, which is assumed to be mostly responsible for the collisional autoionization. 6, 7 Some papers about He * -N 2 O and Ne * -N 2 O systems already appeared in the literature. Čermák in a pioneeristic work determined the ionization potentials of a number of molecules, including N 2 O, by PIES in collisions with metastable helium, neon, and argon atoms. 8 Stebbings and coworkers measured, in a crossed beam experiment at thermal energies, the branching ratios and the total ion production cross section for collision of He * ͑2 1 S 0 ,2 3 S 1 ͒ and Ne * ͑ 3 P 2,0 ͒ ͑the energy of these excited states is, respectively, 20.62, 19.82, 16.62, and 16.72 eV͒ with several atomic and molecular targets, including N 2 O.
9,10 Hotop and co-workers, using two intense thermal energy He * ͑2 3 S 1 ͒ sources at different temperatures ͑ϳ400 and ϳ1000 K͒ studied the dependence of PIES spectra on the collision energy for He * ͑2 3 S 1 ͒ interacting with Ar, N 2 , NO, O 2 , N 2 O, and CO 2 target species. 11 These authors measured also the collision energy dependence of the partial cross sections for the production of the different ions by means of the time of flight and by mass spectrometry techniques. 11 Recently, Ohno and co-workers studied the electronic structure and Penning ionization of N 2 O, HCNO, and HN 3 molecules, upon collision with He * ͑2 3 S 1 ͒ metastable atoms, comparing He I photoelectron spectra and two-dimensional PIES. 12 In these papers the authors deduced the interaction potentials between molecules and He * ͑2 3 S 1 ͒ atoms from the peak shifts in PIES measurements 11, 12 and from the collision energy dependence of Penning ionization cross sections. 12 Concerning the Ne * -N 2 O system, Beijerinck and co-workers 13 measured, in a crossed beam experiment, the velocity dependence and absolute values of the total ionization cross section for several molecules, including N 2 O, by collision with state selected metastable Ne * ͑ 3 P 0 ͒ and Ne * ͑ 3 P 2 ͒ atoms, at energies ranging from 0.06 to 6.0 eV. 13 In the present paper we report on the results of an experimental investigation based on the measurement of the collision energy dependence, in the thermal energy range, of ͑i͒ the PIES spectra for He * ͑2 3 S 1 ,2 1 S 0 ͒ and Ne * ͑ 3 P 2,0 ͒ -N 2 O systems; ͑ii͒ the cross section for total ionization and for the formation of each one of the possible ionic product channels in the Ne * -N 2 O system. In our experiment, these different observables are obtained, for each system, in the same apparatus, under identical experimental conditions by appropriately changing the source conditions. By a hemispherical electron energy analyzer, we measured the energy spectrum of product electrons for collisions at different translational energies, while, by mass spectrometry ͑MS͒, we determined total and partial cross sections for each product ion, as a function of collision energy. The total and partial ionization cross sections have been measured in the collision energy interval between 0.03 and 0.2 eV and the electron energy spectra have been obtained at four different collision energies, within the thermal energy range. The data have been then analyzed considering the electron density distribution of N 2 O orbitals involved in the ionization process, as obtained from ab initio calculations. The evaluation of the potential energy surface describing the intermolecular interaction and some considerations about the reaction dynamics are reported in the following paper.
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II. EXPERIMENT
The apparatus used for the present experiment is a modified version of a previous system already used for MS studies in our laboratory and described in detail elsewhere. 6 Recently a hemispherical electron energy analyzer has been located above the crossed beam region to carry out the energy analysis of the electrons emitted by the autoionizing collision complex. A schematic view of the experimental setup is shown in Fig. 1 
The two beams cross at right angles in the center of an extracting field. In MS determinations the product ions are sent, through an ion lens system, to a quadrupole mass filter located below the beam crossing volume. On the other side, the electrons are extracted and focused into a hemispherical electron energy analyzer. Both, ions and electrons are finally detected by channel electron multipliers.
A. PIES experiments
In order to study the energetics of the phenomena, Penning electrons are analyzed at 90°to the beam plane by a hemispherical selector with ϳ45 meV resolution at a transmission energy of 3 eV. These selector features and the transmission of the electron energy analyzer have been verified by measuring the photoelectron spectrum of argon, O 2 , and N 2 by He I radiation and comparing the spectra with those of Gardner and Samson 15 and Kimura et al. 16 Spurious effects due to the geomagnetic field have been reduced to ഛ20 mG by a -metal shielding.
A supersonic source, coupled with an electron bombardment excitation, has been exploited to produce intense and near monochromatic metastable atom beams. To allow for a controlled variation of the collision energy, the source has been used at an adjustable temperature from room up to ϳ600 K. With this configuration, PIES spectra at four different collision energy values, i.e., 0.061, 0.081, 0.101, and 0.121 eV, have been measured. For Ne * ͑ 3 P 2,0 ͒ -N 2 O, the probed collision energy range has been extended also by exploiting the seeding effect using two different H 2 / Ne mixtures in the beam source: 50% and 20% of Ne. Coupling temperature and gas composition, spectra have been recorded at four different collision energy values: 0.055, 0.124, 0.184, and 0.441 eV. In all cases the velocity distributions of the metastable atoms have a full width at half maximum ͑FWHM͒ of about 10%.
B. Mass spectrometric experiments
In MS experiments the cross section for each ionic channel has been measured as a function of the collision energy.
To cover a wide range of energies, the metastable rare gas beam was alternatively produced by two different techniques: electron bombardment and microwave discharge. In the former, the electrons have an energy of ϳ75 eV and the rare gas beam effuses from a source whose temperature is adjustable from room up to about 800 K; in the latter case the metastable atom beam effuses from a microwave discharge cavity filled with rare gas at a pressure in the range of 10 3 Pa and operating at a temperature of 900 K. The broad velocity distribution of the emerging beam, coupled with the collision velocity analysis discussed below, allows us to carry out measurements at selected energies.
In the electron bombardment, ions and high Rydberg neutral states are removed by an appropriate transversal electric field. The microwave discharge provides a metastable atom beam with much higher intensity, but at fixed temperature ͑the one of the discharge͒ and with high intensity He I or Ne I photons. The latter have a wavelength of 58.4 nm and 73.4-74.4 nm, corresponding to the emission lines from excited He͑ 1 P 1 ͒ and Ne͑ 3 P 1 , 1 P 1 ͒ states with almost the same energy content of the He * or Ne * metastable atoms, respectively.
Collision velocity analysis is carried out by time-offlight ͑TOF͒ technique: the metastable atom beam is pulsed by a rotating slotted disk and the atoms are counted, using a multiscaler, as a function of the delay time from the beam opening.
In order to minimize possible uncertainties due to a mass dependence of the quadrupole filter transmission, mass spectra for the determination of relative abundances of product ions are recorded at the lowest possible resolution, compatible with the mass peaks to be resolved. Test measurements on known systems have shown that uncertainties on the ion product branching ratios should be smaller than ϳ15%. By TOF analysis, total and partial ionization cross sections are obtained in a relative scale. 17 In order to calibrate the absolute value of all cross sections, the absolute value of the Ne * -Ar total ionization cross section by West et al. 10 has been used. The global experimental error in the measured cross sections is about 20%. 11, 18 In our spectra the peaks related to X and Ã states, formed by the two spin components of helium metastable atoms, appear well separated. Instead, in the case of the B state the two band's contributions cannot be discriminated. For that reason we limit our attention just on the peak analysis for X and Ã electronic states of the molecular ion. In our spectra the ratio between Ã and X states is 1.8± 0.3, in a good agreement with the data by Hotop and co-workers 11 ͑2.0± 0.2͒ and Brion and Yee 18 ͑1.8± 0.4͒.
From our spectra it is also possible to extract the Ã / X population ratio for He * ͑2 1 S 0 ͒ -N 2 O collisions for which no previous data are available: we measured a ratio value of 2.3± 0.3. In this case and for other branching ratios obtained below, we used the peak areas in the PIES spectra as obtained by a simple Gaussian function fit.
The PIES spectra show differences in the band shapes associated with the two states of helium metastable atoms: the singlet gives much broader peaks than the triplet component. This observation, accordingly to data of other groups, [19] [20] [21] suggests that other interaction components, besides the van der Waals intermolecular potential, play a significant role in He * ͑2 1 S 0 ͒ -N 2 O collisions. The electron energy spectra for Ne * ͑ 3 P 2,0 ͒ +N 2 O, measured with a resolution of ϳ40 meV ͑FWHM͒ and reported in Fig. 3 ͑a͒ Spectra of electrons emitted in the ionization of N 2 O by metastable helium atoms, at different collision energies, by using an electron bombardment source. ͑b͒ Spectra of emitted electrons, when also photoionization occurs, as obtained by using microwave discharge source from which both metastable atoms and photons are coming out. ͑c͒ Spectra of electrons for He * ͑ 3,1 S 1,0 ͒ -N 2 O ionization at 0.06 eV collision energy, as also reported in ͑a͒. At the relevant peaks, the state of product ions and the ionizing particle are indicated. The lines in all spectra join experimental points, which have been omitted for clarity. The points have been recorded every 0.01 eV.
lisions, the present work provides the collision energy dependence of total and partial cross sections in the thermal range ͑0.03-0.2 eV͒.
Mass spectra recorded at an average collision energy of 45 meV have shown the following relative abundances: The total ionization cross section data ͑see Fig. 4͒ show a slightly decreasing trend as the collision energy increases, with a value of 27.5 Å 2 at a collision energy of 45 meV, which is a typical value of a collisional autoionization driven by a weak intermolecular interaction, of van der Waals type. 6 As it will be discussed below, the PIES spectra measured for Ne * ͑ 3 P 2,0 ͒ and He * ͑2 3 S 1 ͒ -N 2 O systems confirm such an observation, while He * ͑2 1 S 0 ͒ -N 2 O PIES data suggest a stronger attraction in the entrance channel. Figure 4 shows + and NO + ion formation, a slightly decreasing trend of the cross section with the collision energy is observed, while in the case of O + production the cross section is slightly increasing. Moreover, the associate NeN 2 O + ion shows a very small cross section, decreasing rather rapidly with the collision energy ͑see Sec. IV C͒.
IV. DISCUSSION
The interpretation of the PIES spectra needs the knowledge of the spatial distribution of the molecular orbitals involved in the ionization, including the shape of the lowest unoccupied and the highest occupied molecular orbitals ͑LUMO and HOMO͒. Isodensity contour plots of square of molecular orbitals for N 2 O molecule were obtained here by means of density functional theory calculations, using the GAUSSIAN 03 program package. 22 The B3LYP exchangecorrelation functional 23 was used in conjunction with a 6-311+ G͑3df͒ basis set, 24 = 1.126 Å , r N-O = 1.186 Å͒. The use of a flexible basis set including diffuse and polarization functions is needed since we are interested in analyzing the charge density in the outer part of the molecular region. To check the reliability of diffuse functions, we performed additional calculations using the 6-311G͑3df͒ basis set, also at B3LYP and Hartree-Fock. The results of such additional calculations agree with those of the 6-311+ G͑3df͒, except for small differences in the outer molecular regions. A cubic grid of side 24 Å centered on the central nitrogen atom and composed by 200 3 points was used to generate the contour plots, with a lowest isodensity value of 10 −12
. In agreement with previous ab initio calculations 6 2, 16 This means that in the electron-exchange mechanism for Penning ionization one electron jumps from the degenerate nonbonding nb orbital of the nitrous oxide to the core of the metastable rare gas atom. 12 The loss of one electron from the ͑7͒ 2 orbital justifies the formation of N 2 O + ions in the first electronic excited state ͑Ã 2 ⌺ + ͒ with an ionization potential of 16.38 eV. 16 In this case the electronexchange mechanism involves one electron of the nitrogen lone pair n N of the molecule. 12 On the basis of the calculations of N 2 O electronic density described above, it is possible to make qualitative considerations on the anisotropic aspects of the studied systems. Figure 5͑a͒ shows that the LUMO ͑an antibonding * orbital͒ has an electronic charge density distribution that tends to be maximum when the polar angle ⌰ ͑0 ഛ⌰ഛ͒ falls in the range /2Ͻ⌰Ͻ because of the presence of a nodal plane along the direction of the molecular axis ͑⌰ =0 and ⌰ = , with ⌰ = 0 on the oxygen side͒. This suggests that the jump of the excited electron from the metastable atom ͑low ionization potential͒ to the N 2 O molecule ͑positive electron affinity͒, which originates a stabilizing charge transfer component of the interaction, can occur with greater probability for the atom approaching along such direction because of an increased overlap between orbitals involved in the phenomenon. Figure 5͑b͒ shows that also the HOMO exhibits a nodal plane along the molecular axis and another one almost perpendicularly to such an axis: this suggests that in Penning ionization the electronic ground state ͑X 
A. Distribution map of electronic density
O systems
In the measured PIES spectra ͑see Figs. 3 and 4͒, the energy shifts ⌬E between the maximum of a certain peak and the "nominal energy" E 0 , i.e., the difference between metastable excitation energy and the ionization potential of the target molecule, provide qualitative indication about the strength of the intermolecular interaction between metastable atom and target molecule. In a simplified view, one can distinguish the Rg * -M collision complexes in "repulsive systems" with ⌬E Ͼ 0 and in "attractive systems" with ⌬E Ͻ 0. In the latter case, when a large negative value of ⌬E is observed, strong attractions, more intense than van der Waals type, are expected to be operative in the Rg * -M entrance channel. 8, 11 In our experiment, the peak shifts were evaluated by calibrating the energy scale by the use of the photoionization electron spectra with He I and Ne I photons produced by the microwave discharge ͓see Figs. 2͑b͒ and 3͑b͔͒ . The ⌬E values so obtained are reported in Table I , where they are compared with some data available from the literature 11 14 show that in the case of singlet metastable helium atoms interacting with N 2 O, strong polarization effects, emerging at particular geometries of the collision complex, promote the passage of the excited electron in an s-p hybrid atomic orbital with a baring of the core nuclear charge. This agrees with previous suggestions by Siska and co-workers. 28 Such effects enhance the attraction because of electrostatic and induction forces and simultaneously favor the electron jump from the molecule to the internal ionic core. Our calculations also demonstrate that these effects are emphasized along approach directions pointing towards the molecular lone pairs ͓see Figs. 5͑c͒ and 5͑d͔͒. Such a phenomenon is favored by the lower 2s-2p energy gap for He * ͑2 1 S 0 ͒.
14 A complete treatment of Penning ionization for "attractive atomic systems" has been given by Miller 29 who has shown that only a quantum mechanical description of the nuclear motion can explain all the observed characteristics of the spectrum, such as band shape, energy displacement, and high energy interference structures possibly present. The extension of this treatment to molecular targets has been discussed by Niehaus 30͑a͒ and by Haug et al. 30͑b͒ A formula suggested by Miller 29 enables us to have an indication about the interaction in the entrance channel roughly given by the quantity ⌬E a = E 0 − E a , where E a is the electron energy position for which the X band intensity decreases to 44% of its maximum value. Our experimental determination of the energy shifts ⌬E a for He * ͑2 3 S 1 ,2 1 S 0 ͒ and Ne * ͑ 3 P 2 , 3 P 0 ͒ -N 2 O systems are reported in Table I . In the case of autoionizing collisions involving Ne * ͑ 3 P 2,0 ͒ and He * ͑2 3 S 1 ͒ atoms we obtain an estimated potential well depth in the entrance channel varying from 36, 40 up to 70 meV, while for He * ͑2 1 S 0 ͒ -N 2 O collisions the well depth is much higher, of the order of 230 meV ͑see Table I͒ . It has to be stressed that the Miller formula 29 assumes nearly flat potential for the exit ionic states. Thus these energy shift values are to be considered only as qualitative indications of the interaction.
The electronic spectra for He * ͑2 1,3 S 0,1 ͒ -N 2 O systems, measured at four different values of collision energy ͓see Fig. 2͑a͔͒ , show that the cross section for production of N 2 O + ͑ X 2 ⌸ and Ã 2 ⌺ + ͒ ions, by collisions with He * ͑2 1 S 0 ͒ atoms, decreases more rapidly than with He * ͑2 3 S 1 ͒. Since the singlet/triplet metastable helium population does not change significantly with the source temperature, 6 this effect has to be attributed to a balancing between the interaction potential and the collision energy ͑see also Ref. 30͒. At low collision energy, the molecule has the tendency to orient itself along the direction of strongest attraction with the approaching atom. Such a reorientational effect tends to become less important when the collision energy increases. However, the ability of penetration of He * inside the valence electron shell of the molecule is enhanced, causing an increase of the overlap between the orbitals involved in the electron exchange mechanism of the Penning ionization. Specifically, in the case of He * ͑2 1 S 0 ͒ the reorientational effect plays the major role because a stronger interaction affects the collision, as suggested by the energy shifts ͑⌬E and ⌬E a in Table I͒ and also confirmed by theoretical calculations. 14 In the He * ͑2 3 S 1 ͒ -N 2 O collision complex the reorientational effect is expected to play a minor role because of a lower attraction between the two partners ͑see Table I and Ref. 14 ͒. However, for both singlet and triplet He * states the overlap increases similarly with the collision energy. The critical balancing of such effects determines the different behavior of the cross sections for the two involved entrance channels and justifies how the cross section ratio, reported in Table II , changes with the collision energy. Our calculations 14 also indicate that, at the same collision energy, the full interaction of the singlet state of He * atoms, with respect to that of the triplet one, allows for a more extensive overlap of the orbitals involved in the electron exchange. This originates the larger cross section for the singlet state of metastable helium, as it has been suggested previously. 10 However, the contour maps given in Fig. 5 can also help to explain the reason for the higher formation, at low collision energy, of the first electronic excited state ͑Ã 2 ⌺ + ͒ with respect to the ground ͑X 2 ⌸͒ one: a ratio of about 2, slightly decreasing with the collision energy, is obtained from the spectra shown in Figs. 2͑a͒ and 2͑c͒. As mentioned above, the ͑X 2 ⌸͒ state is formed by the ejection of an electron from the HOMO, which has a nodal plane along the molecular axis. Our calculations 14 demonstrate that the preferential geometries for ion formation at low collision energy are ⌰ = 0 and ⌰ = . For such configurations we expect a strong reorientational effect so that the overlap involving the HOMO orbital of N 2 O molecule ͓see Fig. 5͑b͔͒ tends to be negligible and also the cross section for ion production in the electronic ground state is very small. In all cases at low collision energy the favored approaches involve a larger overlap with the nitrogen lone pair ͓see Fig. 5͑c͔͒ , forming with higher probability the first excited electronic state ͑Ã 2 ⌺ + ͒. Increasing the collision energy, the reorientational effect plays a minor role and the production of ions in the ground state seems to be favored with respect to the excited state, since the metastable atom can approach the N 2 O molecule also by other directions, different from ⌰ = 0 and ⌰ = , where HOMO does not show the nodal plane. Because of the different strength of the interaction, such a tendency is expected to be more effective in the case of the triplet than in the case of the singlet spin state of He * . An interesting feature emerging from the analysis of the PIES spectra of the electrons ejected in Ne * ͑ 3 P 2,0 ͒ -N 2 O collisions, concerns with the vibrational distribution of the N 2 O + ͑X 2 ⌸͒ product ions, originating inside the collision complex at ⌰ 0 and ⌰ ͓see above and Fig. 5͑b͔͒ . Similar effects were previously observed by Siska and co-workers in collisions of metastable helium atoms with simple diatomic molecules such as H 2 and N 2 .
31,32 Figure 3͑a͒ shows the PIES spectra measured at different collision energies, using the electron bombardment source: the spectra are normalized at the maximum of the ground vibrational level v = 0 peak. Table III summarizes the obtained spectra features, namely, the v =0/v = 1 and v =0/v = 2 population ratios, the amplitude of the peak v = 0 corresponding to 3 P 2 spin-orbit state, the cross section ratios for ion production from 3 P 2 to 3 P 0 , as a function of collision energy. Moreover, the position of the leading peaks associated to the formation of N 2 O + ͑X 2 ⌸͒ in v = 0 from 3 P 2 to 3 P 0 spin-orbit states are 3.69± 0.02 eV and 3.79± 0.02 eV, respectively. From the PIES spectra in Fig. 3͑a͒ and the data reported in Table III , the vibrational excitation appears to increase with the collision energy. This interesting behavior is not simple to be explained and probably it should deserve in the future a specific theoretical study.
Another important effect, observed in the study of the Ne * ͑ 3 P 2,0 ͒ -N 2 O system, concerns with increase ͓see Fig.  3͑a͒ and Table III͒ in the collision energy of the production of the N 2 O + ͑X 2 ⌸͒ ions from 3 P 0 metastable atoms, with respect those produced by the 3 P 2 spin-orbit sublevel. As it is well known, 13 the autoionization phenomena in the Ne * ͑ 3 P 2,0 ͒ -M systems, where M is an atomic or molecular target, occur with a cross section higher for events involving Ne * ͑ 3 P 0 ͒ with respect to Ne * ͑ 3 P 2 ͒. This is due to the fact that in the former case, the electron exchange is more favorable than in the latter. It is important to stress again that in chargeexchange mechanism of the collisional autoionization an external electron of the target M should jump into the ionic "core" of the metastable atom and that, in the case of neon, both spin-orbit sublevels in Ne + ͑ 2 P j ͒ exhibit a p "vacancy," being the electronic configuration 2p 5 . Therefore, in Ne * -M collisions relevant stereodynamic effects are simultaneously determined by the molecular reorientation discussed above and by the alignment of the p vacancy. In particular, in the Ne * ͑ 3 P 0 ͒ case, the core is a Ne + ͑ 3 P 1/2 ͒ ion, exhibiting a propensity to align the p vacancy along the intermolecular axis R. Instead, in the Ne * ͑ 3 P 2 ͒ case, the core is Ne + ͑ 2 P 3/2 ͒, showing a propensity to align the p vacancy perpendicularly to R. These propensities emerge every time the ionization potential of M is lower than the one of Ne. 6 It is also important to observe that the alignment of the p orbital is less effective at larger R, where the intermolecular electric field strength is not sufficient to destroy the spin-orbit coupling. However, when R decreases, the intermolecular electric field increases and the overlap between the involved orbitals becomes higher. In such conditions the collisional system, with the half filled p orbital aligned along R, provides, for most of the molecular orientations, collisional autoionization with higher probability with respect to the case with the p orbital perpendicular to R. Moreover, related cross sections are expected to vary differently with the collision energy and this can help to explain the different behavior observed in the cross sections of the two Ne * ͑ 3 P j ͒ spin-orbit sublevels.
C. Mass spectra for the Ne * " 3 P 2,0 … +N 2 
O system
The energetics for the Ne * ͑ 3 P 2,0 ͒ -N 2 O system shows that it is possible to form N 2 O + ions both in X 2 ⌸ and Ã 2 ⌺ + states by collisional autoionization. The collision energy dependence of the partial cross sections is reported in Fig. 4 . The energy dependence of the total and of the partial cross sections for N 2 O + , NO + , and NeN 2 O + production appears to be very similar to those of other typical atom-molecule collisional autoionization systems. 6 The associative cross section exhibits the typical cut off at larger collision energy. 6 The energy trend of the cross section for O + production is atypical and in this case we suppose that the ionization mechanism differs from that of a direct collisional autoionization, as it has been also previously suggested by Hotop et al. 11 for the case of He * ͑2 3 S͒ -N 2 O. Such a mechanism involves electronic energy transfer from the metastable atom to the molecule, with the formation of a neutral Rydberg state, which subsequently autoionizes and dissociates. 11, 33 Such a scheme involves a rearrangement of electronic and internal states of the ionic molecule, as it has been also discussed by other authors. 11, [33] [34] [35] In conclusion we can explain the ion production and its energy dependence in Ne * ͑ 3 P 2,0 ͒ -N 2 O collisions by invoking two kinds of microscopic mechanisms: ͑i͒ A direct ionization, as in the following cases: ͑ii͒ an indirect ionization through the formation of N 2 O Rydberg states, which autoionizes, with predominant final dissociation to N 2 ͑X͒ +O + ͑ 4 S͒. Obviously the mechanism for O + production appears to be so complicated that it is not possible to correlate the energy dependence of the cross section with some specific and simple characteristics of the atom-molecule interaction.
V. CONCLUSIONS
The present paper reports on new experimental studies, performed by using the crossed molecular beam technique, concerning autoionization processes occurring in collisions between metastable He * and Ne * atoms with N 2 O molecules at controlled relative kinetic energies. By the combined use of MS and PIES techniques, the energetics and the dynamics of the related autoionizing collision complexes have been investigated. Evidences were found concerning the selective formation of the N 2 O + molecular ion in the various electronic and vibrational states. For a preliminary analysis of the experimental findings we have exploited isodensity contour maps of N 2 O molecular orbitals involved in the ionization. To carry out a more quantitative analysis we have also investigated in detail the intermolecular potential interaction including the relative role of the various components. Such a study is presented in the following paper.
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